Ultrasonic motors provide high torques and quick responses compared to their magnetic counterparts; therefore, they are widely used in small-scale applications such as mobile phones, microrobots, and auto-focusing modules in digital cameras. To determine the feasibility of lead-free piezoceramics for ultrasonic motor applications, we fabricated a ring-type piezoceramic with a KNN-based lead-free piezoceramic (referred to as CZ5), intended for use in an auto-focusing module of a digital camera. The vibration of the lead-free stator was observed at 45.1 kHz. It is noteworthy that the fully assembled lead-free ultrasonic motor exhibited a revolution speed of 5-7 rpm, even though impedance matching with neighboring components was not considered. This result suggests that the tested KNN-based piezoceramic has great potential for use in ultrasonic motor applications, requiring minimal modifications to existing lead-based systems.
INTRODUCTION
Because the RoHS (Restriction of Hazardous Substances) directive has been effective in the European Union; the development of environmentally friendly materials with salient properties for electronic applications has been of great interest to the electronic materials community. Successive release of tougher regulations similar to RoHS worldwide has made the lead-free community one of the biggest within the electronic materials community. In spite of great effort over more than two decades, the market has seen only a few cases in which lead-free piezoceramics have been utilized in consumer products. This is because the piezoelectric properties of market-dominating PZT-based piezoceramics are very good and easy tunable; no known lead-free piezoceramics can compete with their versatility. This means that technology transfer to industry has seldom been attempted; a material that competes with PZT-based materials in terms of both properties and versatility is eagerly anticipated [1] [2] [3] [4] [5] .
Although not yet satisfactory, Bi
(KNN), and their derivatives in the form of solid solutions are generally considered the most promising materials [4, [6] [7] [8] .
Recently, we reported a highly promising lead-free piezoceramic with a nominal composition of 0.95(Na This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License(http://creativecommons.org/ licenses/bync/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. of less than ±10%) [9] . This temperature-insensitive strain degrades by only as much as ±3%, even up to 10 7 cycles at 50 Hz at room temperature (as shown in Fig. 1 ) [10] .
To quickly assess the suitability of CZ5 for commercial applications, we fabricated a ring-type piezoceramic ultrasonic motor (USM) to be embedded in a commercialized auto-focusing module in a digital camera. Although no mechanical impedance matching was applied between CZ5 and neighboring components such as the stator and rotor, the USM propelled by CZ5 exhibits good performance, which makes CZ5 a highly promising candidate for USM applications. The piezoelectric coefficient of the ceramic samples was measured using a d Fig. 2 shows that the ring-type pellets for use in ultrasonic motors were prepared with maximum tolerances in thickness and diameter of ±10 µm and ±100 µm, respectively, to guarantee stable revolution speed, minimal noise, and maximal durability.
EXPERIMENTAL

RESULTS AND DISCUSSIONS
The specimens were ground and lapped to a final thickness of 0.4
mm (±9 µm).
Changes in the material parameters were observed between the disk pellets and ring-type samples, as shown in Table 1 . The ringtype samples had a piezoelectric constant (d To check how well the ceramic body was glued onto the stator and electrically connected, as shown in Fig. 3 , resistance and capacitance were measured. The capacitance of PZT and CZ5 were 5.6-5.8 nF and 9.0-9.2 nF respectively.
The resistance of the CZ5 stator was similar to that of the commercial PZT. Additionally, the d 3 3 value of CZ5 was almost the same before being glued onto the stator, as shown in Table 2 .
The assembled USM motor module is shown in Fig. 4 . The   Fig. 2 . Ring-type CZ5 specimen (a) before and (b) after sintering. given by F = K (stiffness) × D (displacement) and the stiffness has no distinct difference between CZ5 and PZT [11] , the lower torque value is considered to be caused by the lower displacement during operation.
CONCLUSIONS
This study reports a preliminary test of the feasibility of using a lead-free piezoceramic for commercial uses. Based on the current method of using PZT ultrasonic motors in commercial lenses, we successfully demonstrated a KNN-based lead-free piezoelectric ultrasonic motor. Although no optimization effort was made to maximize the performance of the device, the CZ5 embedded auto-focusing module exhibited reasonable functional performance. Two issues of importance to be further studied were identified: 1) the reason why the ring-type CZ5 samples showed lower piezoelectric properties but higher mechanical quality factor than the disk samples, and 2) the influence of mechanical impedance matching on the final performance of the USM. 
